The ability of cells to adhere and differentiate into distinct tissues is a defining feature of multicellular organisms. The cadherin/catenin adhesion system is the major means by which cells adhere to one another. Without this protein complex, the cell-cell rearrangements that drive morphogenetic processes, such as gastrulation and dorsal closure, are completely arrested (73) . ␤-Catenin, a central, structural component of this adhesion complex, is also required for mediating differentiation processes initiated by Wnt signals. Wnts are secreted lipoglycoproteins that act as morphogens to pattern tissues and are used reiteratively throughout development to instruct cells to adopt particular fates. These cell fate decisions are directed by the expression of various genes that are cell type and context dependent (reviewed in Ref. 12 ). For example, in intestine, the Wnt pathway maintains progenitor and stem cell populations (75) , whereas in liver Wnts control nitrogen metabolism and ammonia detoxification along the periportal axis (4) . Wnt-mediated gene expression is ultimately controlled by a transcriptional complex that contains a DNA-binding factor known as lymphocyte enhancer factor (LEF)/Tcell factor (TCF) and a cadherin-free form of ␤-catenin. In this complex, ␤-catenin serves as an obligate co-activator through its ability to recruit components that promote chromatin remodeling and transcriptional initiation/elongation (review in Ref. 80 ).
There has been much interest in understanding how adhesion and Wnt signaling are coordinated through the use of this common component, ␤-catenin. Forced overexpression of cadherins can compete for and sequester the signaling pool of ␤-catenin (21, 33) . Conversely, reductions in cadherin protein levels can enhance ␤-catenin signaling (14) , suggesting that the absolute level of cadherins may set thresholds for Wnt signals. More recent studies, however, imply that the extent to which ␤-catenin is used for signaling and adhesion can be strongly influenced by the phosphorylation of ␤-catenin binding partners. This review will highlight recent evidence showing the importance of phosphorylation in the regulation of ␤-catenin nuclear signaling and adhesive functions.
␤ ␤-Catenin Structure
␤-Catenin belongs to the armadillo family of proteins, which are characterized by a central domain consisting of a repeating 42 amino acid motif termed the "arm repeat. " These repeats were originally identified in the Drosophila segment polarity gene product and ␤-catenin ortholog Armadillo (60) . This repeat has since been found in other proteins, such as the adhesion proteins plakoglobin (also known as ␥-catenin) and p120 ctn , and is considered to be a versatile proteinbinding interface (13) . X-ray crystallographic analysis of the central armadillo domain of ␤-catenin shows that its 12 arm repeats form a superhelix of helices that create a long, positively charged groove (39) . ␤-Catenin uses this single binding surface to interact with many of its negatively charged ligands, such as the cadherin adhesion receptor, the Axin/APC degradation complex, and the LEF/TCF transcription factors.
Since ␤-catenin engages these various binding partners in a mutually exclusive fashion, ␤-catenin function is dictated by which factor associates with the arm domain. Although not universal, an emerging theme is that phosphorylation of these binding partners introduces negative charges that enhance interactions along ␤-catenin's positively charged groove and, therefore, increases binding affinity. Thus ligand phosphorylation can influence the extent to which ␤-catenin is used for cell-cell adhesion or transcription. Phosphorylation of ␤-catenin itself can affect some of these ligand interactions, and therefore these cases will also be discussed. The NH 2 and COOH termini of ␤-catenin are unstructured regulatory regions that largely recruit essential co-factors for adhesion and signaling (see below). In certain circumstances, the COOH terminus may limit the availability of the ␤-catenin arm repeat region for cadherins or APC (8, 11, 26) .
sites of cell-cell contact (19, 85) . Therefore, posttranslation modifications that regulate the ␤-catenin/cadherin interaction will have important consequences for cell-cell adhesion.
Phospho-regulation of the ␤ ␤-Catenin/Cadherin Interaction
Although it has been long appreciated that cadherins are phosphorylated within a serine-rich stretch that comprises the ␤-catenin binding domain (70) , the contribution of distinct phosphorylations has been only recently revealed. Specifically, in vitro phosphorylation of cadherin serine residues 834, 836, and 842 significantly enhances the affinity with which ␤-catenin binds cadherins by 300-fold (Refs. 11, 41; note that numbering for E-cadherin is based on the sequence of Rimm and Morrow, Ref. 62) . Comparison of co-crystals comprised of phospho-cadherin/␤-catenin and non-phospho-cadherin/␤-catenin complexes reveals a molecular explanation for this affinity difference, since phosphorylation generates more molecular contacts at the cadherin/␤-catenin interface. Although GSK3␤ and CK2 have been shown to robustly phosphorylate these sites in vitro (41, 48) , the endogenous cell-signaling events, kinases, and in vivo phospho-sites have remained poorly defined.
Not all cadherin phosphorylation sites enhance ␤-catenin binding affinity. For example, phosphorylation of cadherin at S-846 by CK1 (S-840 in the Rimm and Morrow E-cadherin sequence) can reduce ␤-catenin binding to cadherin, and a mutant E-cadherin that mimics phosphorylation at this site (S846D) exhibits decreased adhesive activity due to enhanced internalization (20) . Similarly, tyrosine phosphorylation of N-cadherin by src at Y860 (corresponding to Y831 in E-cadherin) antagonizes ␤-catenin binding. Expression of a mutant N-cadherin that cannot be phosphorylated at this site (Y860F) prevents the transmigration of cells across an endothelial monolayer (59) . Since both CK1 and src sites are in close proximity to the CK2 sites described by Huber and Weis (41), it will be important to see whether these phosphorylation-dependent reductions in ␤-catenin binding to cadherin can now be rationalized at the molecular level. Notwithstanding these rationalizations, it certainly appears that the role of cadherin phosphorylation in modulating ␤-catenin binding affinity will be both kinase and site dependent, and may even depend on the precise order of these phosphorylations (9).
Although this review is mostly focused on the phosphorylation of ␤-catenin binding partners, it is important to mention that the ligand-binding region of ␤-catenin is itself a substrate of src and EGFR family kinases, and phosphorylation of tyrosine 654 (which sits in the 12th arm repeat of ␤-catenin) can reduce cadherin binding and adhesive functions (55, 63 Cadherins are type I, single-pass transmembrane glycoproteins that mediate Ca 2+ -dependent intercellular adhesion. Specific adhesive binding is conferred by the cadherin ectodomain, which engages an identical molecule on the surface of an adjacent cell (5, 45) , whereas the cadherin cytoplasmic domain mediates the structural and signaling activities required for adhesion. In addition to an interaction with ␤-catenin, cadherins associate with two other catenin proteins, termed ␣-and p120-catenin. ␣-Catenin is an actin binding protein that dynamically links the cadherin complex to the actin cytoskeleton (19, 61, 85) . ␣-Catenin lacks an armadillo domain and is, therefore, structurally unrelated to ␤-catenin. p120 ctn belongs to a subfamily of armadillo proteins and regulates cadherin surface levels by antagonizing endocytosis (17, 83) and promoting cadherin clustering (87), possibly through its ability to inhibit Rho (79) . Although ␣-catenin and p120 ctn are important regulators of cell-cell adhesion (reviewed in Refs. 24, 67), ␤-catenin binding to cadherin remains a prerequisite for adhesion due to its role in protecting the cadherin cytoplasmic domain from rapid degradation (40) , enhancing the efficiency of endoplasmic reticulum to cell surface transport (10) and recruiting ␣-catenin to this residue have been rationalized at the molecular level, since pY-654 clashes with a key aspartate residue in the cadherin (41) . Although the aforementioned studies present clear evidence that the ␤-catenin/cadherin binding interaction can be regulated, whether these phosphorylations control ␤-catenin binding like a simple on/off switch or in a more graded fashion is currently under debate. In this regard, a number of physiological situations are known to exist where cadherin adhesive activity is altered (e.g., during embryo compaction or convergence/extension movements required for gastrulation); however, evidence for widescale perturbation of the ␤-catenin/cadherin binding is lacking (reviewed in Ref. 28) . Thus it will be important to learn more about the various ways that this binding interface can be regulated. Despite these complexities, it certainly seems that phosphorylation events that modulate the cadherin/␤-catenin binding interaction can affect the abundance and/or function of cadherin adhesive complexes (FIGURE 2A). Moreover, evidence that cadherin/␤-catenin binding can be influenced by CK1, GSK3␤, and CK2 kinases, which play key roles in regulating the nuclear signaling form of ␤-catenin (discussed below), opens up the possibility that this interaction may be even modulated by Wnt signals.
Phospho-regulation of ␤ ␤-Catenin Stability
Although cadherin-bound ␤-catenin is relatively stable, the cytosolic pool of ␤-catenin is continually flagged for degradation by an elaborate, phosphorylation-based mechanism. The NH 2 terminus of cytosolic ␤-catenin is constitutively phosphorylated by a dualkinase mechanism. CK1␣ phosphorylates ␤-catenin at serine 45, and this priming phosphorylation results in subsequent phosphorylation by GSK3␤ at residues 41, 37, and 33 (49, 88) (FIGURE 2B). These phosphorylation events are coordinated by the scaffold protein axin, which has binding sites for ␤-catenin, CK1, GSK3␤, as well as other factors required for Wntdependent and -independent signaling events (50). ␤-Catenin that is phosphorylated at residues 37 and 33 is ultimately recognized by the ␤-TrCP E3-ligase complex, ubiquitylated, and rapidly degraded by the 26S proteasome (31) . The adenomatous polyposis coli (APC) tumor suppressor gene product is also an axin-binding partner and is thought to remove NH 2 terminally phosphorylated ␤-catenin from the axin complex for transfer to the degradation machinery (84) . A: phosphorylation of cadherin residue, Y860, and ␤-catenin residue, Y654, by src prevents the cadherin/␤ catenin interaction. Also inhibitory to the cadherin/catenin interaction is phosphorylation of cadherin S846 (S840 in the human E-cadherin sequence) by CK1. In contrast, GSK3␤ and CK2-mediated phosphorylation of cadherin S834, S836, and S842 enhances associations with ␤ -catenin. B: ␤ catenin preferentially binds to phosphorylated APC/axin complex. CK1 and GSK3␤ hyperphosphorylate the degradation complex and increase the affinity of APC/axin for ␤-catenin. Once bound to APC/axin, ␤-catenin becomes phosphorylated at S45 by CK1 (or IKK␣ and cyclinD/cdk6). Subsequent phosphorylations at S33, S37, and T41 by GSK3␤ (or PKC) lead to ubiquitination and degradation of ␤-catenin. Phosphatase PP1 reverses CK1-mediated phosphorylation of axin and allows ␤-catenin to escape the degradation complex. Corresponding kinases and phosphorylations are highlighted in the same color. C: phosphorylation of LEF/TCF by CK2 enhances interaction with ␤-catenin and promotes the recruitment of ␤-catenin to Wnt-regulated promoters. Met-mediated phosphorylation of Y142 allows BCL9/pygopus to bind the NH 2 terminus of ␤-catenin, whereas phosphorylation of S552 and S675 by Akt and PKA promote interactions with additional transcriptional coactivators, such as CBP. See text for references. Arrows reflect enhanced interactions. P, phosphorylation site. dephosphorylation of axin (by CK1/GSK3␤ and PP1, respectively) appear to be major means by which ␤-catenin levels are regulated.
Given this central role for phosphorylation in the regulation of ␤-catenin signaling, this multi-protein degradation complex is poised to receive inputs from other signaling pathways. In this regard, the NH 2 terminal GSK3␤ sites of ␤-catenin can be also phosphorylated by PKC, which may explain how noncanonical Wnts antagonize ␤-catenin signaling (29) . Additionally, ␤-catenin S45 can be phosphorylated by IKK␣ (58) . ␤-Catenin S45 and axin CK1 sites can also be cross-regulated by CyclinD/Cdk6 and cyclinA/Cdk2, respectively, which may enable cell cycle regulators to attenuate Wnt signals (43, 56) (FIGURE 2B). Other examples include the cell fate regulator, Notch, and the cell metabolism regulator, TSC1, which can lower cytosolic ␤-catenin protein levels (32, 52) . Conversely, PKA activation by trimeric G␣ protein (37), cdc42 (82) , and the p68RNA helicase (86) can enhance ␤-catenin protein levels. The mechanisms by which these very different molecular components affect axin-complex structure and function remain to be determined. Nonetheless, these data indicate that Wnt/␤-catenin signals are subject to fine tuning by diverse signaling inputs, integrating cell shape, cycling, metabolism, and fate decisions.
NH 2 Terminally Unphosphorylated ␤ ␤-Catenin and Signaling
A key consequence of Wnt-mediated axin dephosphorylation and GSK3␤ inhibition is that residues 41, 37, and 33 of ␤-catenin remain unphosphorylated, and ␤TrCP-mediated degradation is prevented. Although Wnt-induced accumulation of cytosolic ␤-catenin is a key feature of ␤-catenin signaling, studies have indicated that elevated levels alone cannot explain ␤-catenin/TCF transcriptional activation (27) . Indeed, it is now appreciated that Wnt signaling is specifically mediated through molecular forms of ␤-catenin that remain unphosphorylated at residues 37 and 41 (69) . Although there is currently no molecular explanation for the superior signaling activity of NH 2 terminally unphosphorylated ␤-catenin, some studies observe that NH 2 terminally unphosphorylated ␤-catenin accumulates more readily in nuclei (36, 69, 76) , suggesting that phosphorylation of ␤-catenin at residues 33, 37, and 41 may recruit a factor that primarily promotes nuclear export. Alternatively, phosphorylation of ␤-catenin may restrict access to LEF-/TCF-regulated promoters, since phospho-␤-catenin can interact with LEF, but ternary phospho-␤-catenin/LEF/DNA complexes cannot be detected in gel-shift assays (66) . Regardless of the molecular explanation, it is clear that a better understanding of the components that act on these phosphorylation sites will be required. Importance for this mechanism is further supported by the existence of loss-of-function mutations in APC and axin as well as activating point mutations within ␤-catenin's NH 2 terminal phosphorylation sites, which play causal roles in various cancers (57) .
Phospho-regulation of the ␤ ␤-Catenin Degradation Complex
We are beginning to appreciate that the recruitment and progression of ␤ catenin through the axin/APC degradation complex is regulated by a series of ordered phosphorylation events. Phosphorylation of axin by CK1 and GSK3␤ can increase axin binding to ␤-catenin (42, 51, 81) . This allows ␤-catenin to be a more efficient substrate of CK1␣ and GSK3␤, enhancing NH 2 terminal phosphorylation of ␤-catenin by >20,000-fold (15) . Axin also promotes phosphorylation of APC by CK1⑀ and GSK3␤ (64, 65) , increasing the affinity of APC for ␤-catenin from 3 M to 10 nM (30) . Since the affinity of phospho-APC for ␤-catenin is stronger than the affinity of phospho-axin for ␤-catenin, APC can compete with axin for binding to ␤-catenin. This phosphorylationdependent competition, therefore, may displace axin from ␤-catenin, allowing Axin to bind another molecule of ␤-catenin. Although it remains unclear how APC coordinates phospho-␤-catenin recognition by ␤-TrCP and the proteasome, it is currently appreciated that APC inhibits ␤-catenin signaling by promoting the flux of ␤-catenin molecules through the axin complex (30) .
Wnt signals inhibit the axin degradation complex by acting through a receptor complex that contains a seven-pass transmembrane protein known as Frizzled (Fz), along with its co-receptor, low-density receptor-related protein (LRP 5 or 6) (7, 77). Coreceptor engagement activates a signaling "relay" protein known as Disheveled (Dsh), and together, Fz/LRP and Dsh can antagonize the axin complex at multiple levels. Activated LRP can bind axin (16, 89) , which may disrupt the axin scaffold complex (25). In addition, Dsh can inhibit GSK3␤ activity (47, 88) , resulting in decreased axin phosphorylation and binding to ␤-catenin (42, 51, 81) . Importantly, a recent study has found that Wnt-induced axin dephosphorylation can be mediated by a specific phosphatase, PP1 (51). Thus controlled phosphorylation and 
Phospho-regulation of ␤ ␤-Catenin-Mediated Transcription
After Wnt activation, the cytosolic form of ␤-catenin gains access to the nuclear compartment by a constitutive shuttling mechanism that is independent of classical nuclear localization sequences (22, 44) . Since the armadillo repeat region of ␤-catenin resembles the HEAT repeats found in the nuclear import factor importin-␤, it is postulated that ␤-catenin can mediate its own nuclear import through direct interactions with nucleoporins (71) . Thus ␤-catenin is thought to continually shuttle in/out of the nucleus, and interactions with either cytosolic or nuclear proteins ultimately influence ␤-catenin's distribution. For example, when ␤-catenin is co-expressed with TCF, which contains a classic lysine-rich NLS, ␤-catenin is preferentially localized to the nucleus (3). Conversely, when ␤-catenin is co-expressed with axin, it remains cytoplasmic (74) . What controls whether ␤-catenin will be incorporated into axin (cytoplasmic) or TCF (nuclear) complexes? As discussed above, phosphorylation of axin enhances binding to ␤-catenin, and evidence also suggests that phosphorylation of TCF family members can influence binding to ␤-catenin. Specifically, phosphorylation of TCF3 by CK1 enhances, whereas GSK3␤ inhibits, TCF3 binding to ␤-catenin (46) . Moreover, phosphorylation of LEF by CK2 at S42 and 61 increases the affinity of ␤-catenin for LEF-bound chromatinized templates and enhances gene transcription (78) . Thus it appears that local activation of kinases on LEF/TCF-regulated promoters may not only drive gene-specific ␤-catenin recruitment but may also influence nuclear retention.
Once ␤-catenin binds to TCF, the NH 2 -and COOHterminal regions of ␤-catenin recruit complexes that promote transcriptional activation. The NH 2 terminus of ␤-catenin binds to a complex consisting of the adaptor legless/Bcl9 and pygopus, which promote transcriptional activation in a manner that is not fully understood (18, 38) . The COOH-terminal region binds proteins involved in chromatin remodeling, such as CBP/p300 histone acetylases (35) , Brg-1 (1), and TTRAP/TIP60 and mixed-lineage-leukemia (MLL1/MLL2) SET1-type complexes (68) , as well as components that influence transcription initiation by RNA polymerase II, such as parafibromin/hyrax of the histone ubiquitination polymerase associated factor-1 (PAF1) complex (54), the helicase pontin52 (2), and TATA binding protein (34) . Recent studies suggest that phosphorylation of ␤-catenin may modulate the recruitment of some of these factors. For example, phosphorylation of ␤-catenin at NH 2 -terminal residue Y142 by the Met receptor promotes Bcl9-2 binding (6). Moreover, phosphorylation of ␤-catenin at COOH-terminal residues S552 and S675 by AKT and PKA can enhance ␤-catenin/TCF reporter activation, possibly through association with histone acetylases (23, 72) .
Lastly, recent work by Miyabayashi and colleagues (53) suggests that the particular co-activators recruited to ␤-catenin may dictate which target genes are activated and that this differential recruitment can be regulated by phosphorylation. Specifically, the general protein phosphatase 2A (PP2A) controls binding of CBP vs. p300 to ␤-catenin/TCF-regulated promoters to influence the expression of growth-vs. differentiationpromoting genes (53) . Thus it appears that local modulation of ␤-catenin transcriptional activation, either at the level of TCF/␤-catenin binding or ␤-catenin/cofactor interactions, may be used to control the multiple nuclear targets required for Wnt-mediated tissue patterning (FIGURE 2C).
Summary
Phosphorylation and the coordination of ␤ ␤-catenin signaling and adhesive functions To many, ␤-catenin is a curious protein: it has no obvious intrinsic catalytic activity, i.e., it is not a nucleotide binding protein that harnesses the energy of hydrolysis to move ions or exchange binding partners. Rather, ␤-catenin is a protein whose core armadillo repeat structure allows it to bind many partners, and it is through this binding that structural and functional information is conveyed. Phosphorylation of ␤-catenin and, in particular, its adhesive (cadherin), regulatory complex (axin and APC), and transcription factor (TCF) ligands has emerged as a major means of regulating the relative strength of these interactions. Better understanding of the signaling inputs that regulate these phosphorylation events will not only be important for understanding how adhesion and Wnt signaling are coordinated during tissue morphogenesis but will be important in designing strategies to attenuate the nuclear signaling/oncogenic function of ␤-catenin, while sparing or promoting the cadherinbased tumor suppressor activities of ␤-catenin. 
